Neonates are potent incentive stimuli who regulate the mother's ability and motivation to engage in costly care-taking activities during a most vulnerable period of their early life. Laboratory animal studies as well as functional neuroimaging in human mothers have shown that the medial preoptic area of the hypothalamus and its projections to the mesocorticolimbic dopaminergic system regulate the motivational aspects of maternal behavior. Peripartum hormonal changes acting in these brain areas enhance the reinforcing value of the newborns and promote in the mother the highly motivated behavior observed immediately after parturition. A better understanding of the neural mechanisms that regulate the motivational aspects of maternal behavior can help to increase awareness of the importance of the early maternal/parental-infant interaction as well as to identify possible biological factors that underlie anomalies in human maternal behavior.
Introduction
The birth of an infant produces a strong altruistic emotional surge in every adult involved in the event, and the most powerful changes occur in the mother. In this period, she becomes totally focused on caring for her baby to the exclusion of everything else. Such early preoccupations and feelings allow the mother to anticipate the infant's needs, learn its particular features, receive and respond to its signals, and ultimately develop a close bond with her baby. Donald Winnicot named it "primary maternal preoccupation." (1) Consequently, although puerperal changes in postpartum mothers return their bodies to preconceptional status, after having their first children, women find themselves different and frequently say that their child has changed them forever. When a baby is born a mother is born! Several evolutionary reasons underlie these maternal changes. The newborn is autonomous only in its ability to breath, suck, and swallow; otherwise, he or she is totally dependent on maternal care for survival. Therefore, it makes evolutionary sense for the mother to develop specific behaviors and thoughts that focus her attention on the infant through a very long period of dependency.
For the infant, the reciprocity and dependency with a fully dedicated, highly responsive mother provides essential stimuli for the development of the brain, the establishment of rhythms of activity and sleep, and the formation of motivational systems that promote the interpersonal communication and language. (2) Lack of early and continuous parental care is extreme in orphanages. Observational studies show that the quality of support and care given to infants in the early months has a significant effect on brain development and behavior and learning later in life. Although late adoptees can be helped to develop, they do not reach the same level of performance as those adopted in the first 4 months after birth. Such evidence is in keeping with biological data indicating critical and sensitive periods in early life for the development of the brain and related biological pathways that set functions that are difficult to change later in life. (3) Adult physical and mental health and stress management also are known to be programmed during this continuous and intense early mother-infant interaction. (3) In the early 1970s, Klaus and Kennel (4) widened the scope of the clinical field of caring for the high-risk neonate to include caring for the parents. They were inspired by the work of Pierre Budin, the French obstetrician who, at the end of the 19th century, observed the consequences on mothers of separation from their preterm infants admitted to the neonatal ward: "Mothers separated from their young soon lost all interest in those whom they were unable to nurse or cherish" and ". . . a certain number of mothers abandon the babies whose needs they have not had to meet, and in whom they have lost interest. The life of the little one has been saved (by prolonged hospitalization), it is true, but at the cost of the mother." (5) This pioneering approach to the assistance of the dyad was written in a time when most of the new knowledge focused on better understanding of the biology of ontogenesis of the infant and the physiology of adaptation to extrauterine life (neonatology). Little was known about the physiologic basis of maternal/parental behavior that drives adults to become involved in caring for newborns until they become fully autonomous (maternology).
Research into the neurobiologic substrates of the maternal behavior is growing, and evidence is supporting the mechanisms through which infants can arouse strong feelings of love and protection in their parents. Such new knowledge may enhance the clinical skills of neonatologists in caring for parents as well as understanding the important meaning of the specific features of the "amazing newborn."
Maternal Motivation
Maternal behavior was shaped during evolution to ensure the infant's survival in a delicate and vulnerable period of its early life. Probably the most important feature of the mother-infant bond is its motivational basis, defined as the process that modulates the ability of the organism to spend energy and invest time and effort to seek and interact with biologically significant stimuli. (6) The young becomes a powerful incentive for the mother's actions.
This process is an old trait present in all mammal species that have highly dependent offspring. Its physiology has been well documented in laboratory research with animals such as rats that deliver very dependent pups. In the behavioral laboratory, a mother rat (dam) prefers a chamber associated with pups over a chamber associated with cocaine during the early postpartum period. (7) The dams also develop preferences for a pupassociated but not for a food-associated chamber, even as they are being deprived of food, (8) and they develop new motor skills, such as pressing a lever to gain access to the pups. (9) The biological processes that promote in the mother the motivation and ability to care for her offspring begin with perinatal hormonal changes. A sharp fall in progesterone and an increase in estrogens, oxytocin, placental lactogens, and prolactin are initially responsible for the rapid development of maternal responsiveness, with increased attraction for her pups, promoting intense mother-infant interaction that starts a positive reinforcing cycle for attachment. (10) Hormonal peripartum changes increase the dam's sensorial perception of infant stimuli by influencing ventral, perioral, and central regions. It has been proposed that such hormones alter the brain in such a way that central neural circuits involved in avoidance reactions to infant stimuli are depressed, while those implicated in eliciting attractive and approach responses are activated. (11) Because these brain regions are philogenetically old and maternal behavior is one of the defining characteristics of lactating animals, it is highly possible that these areas represent a common neural circuitry that underlies maternal behavior in all mammals.
Even though traditional views have held that nonprimate females are more dependent on hormones than primates, recent evidence suggests that hormonal factors also influence the intensity of maternal responsiveness in primates, including humans. Thus, early postpartum primiparous women are more attracted to infant odors than are nulliparous women. (12) In addition, women who reported strong attachment to their infants during the early postpartum period had increased estradiol-toprogesterone ratios through pregnancy, while those who reported weak bonds showed a ratio decline during pregnancy. (13) However, the hormonal profile of parturition is not the only mechanism through which maternal behavior can be developed in mammals. After the initial transient hormonal spurt in rats, interaction with pups further increases their incentive value, assuring the continuance of maternal responsiveness during the postpartum period. (14) Thus, newborn infants, as well as rat pups, are the only factor responsible for the maternal behavior during the nonhormonal phase that begins shortly after parturition in the rat. (11) Nonhormonal parental behaviors appear in humans during adoption, and high degrees of alloparental behavior (parental care that is provided by individuals who are not the biological parents of an infant) occur when mothers are being helped to care for their infants. In the laboratory, continuous exposure to young pups can induce and stimulate maternal behavior in nongestating adult female and male rats, indicating the existence of a nonhormonal route through which infant stimuli can gain access to the maternal circuitry. (15) Unlike the postpartum females that find stimuli from pups very attractive from the beginning, virgin rats initially find pups aversive and actively avoid them when placed in their sleeping area. (16) The prolonged exposure of virgin females to newborn pups results in habituation of the avoidance responses and in increase of the approach behavior. Probably, the areas involved in the control of maternal responsiveness in virgin females are less active, with those controlling aversive reactions prevailing. The increased interaction with the pups further builds up maternal motivation until a complete maternal behavior takes place. (14) 
Neural Circuits Underlying Maternal Motivation
Newborns are powerful incentive stimuli that can assure their own care through action in the mother's brain areas related to maternal motivation. The mesocorticolimbic dopamine (DA) circuit, an interphase between limbic and motor systems, (17) is involved in the control of the motivational aspects of social behaviors (18) and is a significant component of maternal behavioral circuitry. (14) In this circuit, the medial preoptic area (MPOA), a region critically involved in the control of the maternal behavior, (14) projects to the ventral tegmental area (VTA) (Figure) . The cell bodies of DA neurons in the VTA project to nucleus accumbens (NAcc). When MPOA is stimulated sufficiently by parturition hormones and infant stimuli, it promotes VTA activation that, in turn, releases DA in NAcc. DA, acting primarily on D1 receptors in the NA shell (NAs), inhibits the GABAergic inhibitory projections from NAcc to the ventral pallidum (VP). (17)(19) This disinhibition of the VP enables it to respond to stimulatory influences coming from limbic areas and prefrontal cortex (PFC) that are involved in the processing of infant stimuli (20) and promote the display of motivated maternal responses. In addition, the PFC receives projections from the VTA and NAcc (via the medial dorsal thalamus) and projects strongly to NAcc and VP, controlling more voluntary, strategic responses related to maternal behavior in complex situations. (14) In support of this maternal circuit proposal, maternal interaction with rat pups after a period of separation has been associated with the release of DA into the dam's NAcc, as determined through microdialysis. (21) Additionally, both electrical and 6-hydroxydopamine lesions of the VTA disrupt the active or appetitive components of maternal behavior, as does the microinjection of DA receptor antagonists into the NAcc, particularly into its shell region. (22)(23)(24) Interestingly, disruption of the active components of maternal behavior by the administration of haloperidol (a D1/D2 receptor antagonist) (25)(26) was overridden by the presence of demanding pups (newborns that are separated from their dams for 12 hours and, therefore, have increased demands for maternal care). (26) This result strongly suggests that female rats in whom the mesocorticolimbic DA system is disrupted fail to display appropriate maternal behavior not as a consequence of deficits in their performance but because the DA signals that follow the interaction with the pups is insufficient to promote high motivated behavior.
Increasing evidence from in vivo functional neuroimaging studies show that the same circuit could be involved in human maternal behavior. (14) Mothers exposed to infant cries show high degrees of brain activity in the anterior cingulated cortex, PFC, and hypothalamic nuclei as well as DA pathways such as the VTA and NAcc. (27) Therefore, it could be proposed that an abnormal functioning of this circuit may result in deficits in maternal motivation toward infants in humans, although this possibility needs to be explored further.
The Dam Sees a Different World Through the Pups
The shift in the dam's perception of the pups (15)(28) not only promotes direct care-taking activities but also brings about dramatic changes in the dam's response to other environmental stimuli. Thus, concomitant with the display of maternal behavior, lactating rats exhibit a reduced freezing response toward a sudden loud noise (29)(30) and decreased levels of anxietylike behaviors, assessed in a wide range of anxiety models, such as the open field, (16) conflict, (31) and plus maze (32)(33) tests compared with females in other stages of their reproductive cycle. Such reduction in general fearfulness is dependent on the presence of the offspring, (30)(33) suggesting that the pups encourage the mother to confront potentially environmental threats to assure their own protection.
In addition to reduced fearfulness, lactating females exhibit a blunted hypothalamic-pituitary-adrenal (HPA) response to a variety of physical and emotional threats. (34) Changes along the entire HPA stress axis together with a reduction in the activity of limbic circuits that project to the paraventricular nucleus (PVN), (35) (36) may account for the hyporesponsiveness of lactating dams. Such changes have been related primarily to the endocrine profile of the perinatal period and lactation, in particular to the lactogenic hormones oxytocin and prolactin, (34)(37)(38)(39) although the mechanism by which these hormones modify the endocrine stress response is yet unclear.
Maternal emotional changes of decreased fearfulness, anxiety, and stress reactivity have been reported in humans and other mammalian species. (14) Breastfeeding mothers have lower anxiety scores and exhibit a reduced adrenocorticotropic hormone and cortisol response to stressors compared with nonbreastfeeding mothers. (40) This general fear reduction is critical for the appropriate expression of maternal behavior under stressful and demanding conditions.
Concomitant with the reduced fear and stress reactivity, the dam engages in aggressive displays against other adult rats to protect and defend the litter from potentially hostile intruders. The expression and maintenance of maternal aggression is dependent on pups' cues. (29) (41)(42)(43)(44) Recent studies from our laboratory show that haloperidol (DAergic antagonist) reduces maternal anxiolysis and maternal aggression toward an intruder male, suggesting that the dam's affective changes also have a motivational basis. The presence of the pups counteracts haloperidol changes, restoring maternal anxiolysis. (33) In addition, the levels of aggression were enhanced by replacing nondemanding with demanding pups, showing that the affective behavioral deficits of lactating dams provoked by haloperidol are overridden by enhancing the stimulus properties of the pups.
Conclusion
The results obtained in laboratory animals and functional neuroimaging in human mothers have helped to outline the neural substrate of the behavioral changes that occur during motherhood. In particular, infant stimuli and hormones activate brain areas involved in the control of maternal behavior and motivation that warrant the survival and wellbeing of the newborn. This evolutionary trait of maternal behaviors implies important costs such as a decreased interest in the outside world, a heightened vulnerability to predation, new investments and increased energy to accommodate the needs of the new infant, and feelings associated with anguish and anxiety. Such preoccupations can lead to various forms of psychopathology, including the development of obsessive-compulsive disorders.
A deeper understanding of the neural mechanisms that mediate the motivational aspects of maternal behavior will be relevant to identification of possible biological factors that underlie anomalies in human maternal behavior. Child neglect and child abuse may be viewed as abnormalities in maternal motivation rather than as an inability in the performance of the behavior. (9) Also, an abnormal responsiveness in areas related to fear and stress (ie, amygdala) to threat-related events may result in anxiety-related behaviors, hypervigilance, depression, anhedonia, and ultimately deficits in maternal motivation. (14) New knowledge of the biological basis of maternal behavior may increase awareness of the importance of maternal/parental participation during hospital care of the neonate. It also supports a plea for more social and economic protection for the continuity of this delicate and vulnerable bond between the mother and her child. Finally, it gives strong biological reasons to support the right of parents to invest their time and energy in rearing their children in a world that often raises obstacles in early child development and its further consequences in adult physical and mental health.
